EUSO-TA is a ground-based cosmic ray fluorescence detector, pathfinder of the JEM-EUSO experiment, installed in 2013 at the Telescope Array (TA) site, in front of a TA fluorescence detector station at the Black Rock Mesa site (TA-FD), and completed with the focal surface detector in 2015, when it started to be operational. The data acquisition works in coincidence with TA. This guarantees an easy identification of the cosmic ray events detected by EUSO-TA with reliability of the TA-FD event detection and reconstruction methods. Up to now, a few cosmic ray events have been identified. Two simulation software are developed for the JEM-EUSO detectors: ESAF and Off line . ESAF is the software package that has been developed in the efforts of the EUSO and JEM-EUSO projects; Off line was originally developed and successfully tested for years by the Auger Collaboration, and it has recently been adapted for the JEM-EUSO detectors. Thanks to the first events detected by EUSO-TA, ESAF and Off line have been improved in order to have a good comparison between data and simulations. This made the evaluation of the EUSO-TA detection threshold possible, with an Off line study based on the simulated air showers according to TA reconstruction. In parallel, an independent simulation to estimate the number of detectable events by EUSO-TA has been conducted using ESAF code. The simulation methods are described in this work, as well as the comparison between the number of actual detected events and the number of expected ones.
Introduction
The EUSO-TA experiment, discussed more in detail in these proceedings [1] , is a pathfinder detector of the JEM-EUSO project [2] . The aim of JEM-EUSO is to detect the rare Ultra-High Energy Cosmic Rays (UHECRs), with energy ∼10 19 eV and flux ∼1 particle km −2 century −1 , from space, on board the International Space Station. Observing the UV fluorescence light emitted by cosmic ray extensive air showers through the atmosphere, which is used as a vast calorimeter, the probability to detect UHECRs is largely increased, with an observation area projected on ground of up to ∼10 5 km 2 , much larger than that of experiments on ground.
The purpose of the EUSO-TA experiment is to validate the observation principle and the design of JEM-EUSO detecting air showers on ground. Indeed, it is located at the Telescope Array (TA) [3] site in Utah (USA), in front of the Black Rock Mesa fluorescence detectors (TA-FDs) station [4] . The location of EUSO-TA is strategic. First, it is possible to detect air showers in coincidence with TA-FD; second, the available Electron Light Source (ELS) [5] and the Central Laser Facility (CLF) [6] can be used to test and calibrate the detector.
EUSO-TA detector 2.1 Design
EUSO-TA is a down-scaled version of JEM-EUSO. The optical system consists of two flat squared Fresnel lenses of side 1 m with 8 mm thickness [7] . The optical system allows to EUSO-TA a field of view (FOV) of ∼11 • .
The EUSO-TA focal surface has a concave shape. It is made of one Photo Detector Module (PDM), which is a nominal 17 cm × 17 cm area composed by an array of 6 × 6 Hamamatsu Multi-Anode PhotoMultiplier Tubes (MAPMTs). Each MAPMT is a matrix of 8 × 8 pixels side 2.88 mm for a total of 2304 pixels over the whole PDM. 2 × 2 MAPMTs make a unit called Elementary Cell (EC). A UV transmitting band pass filter in the range 290 − 430 nm is glued on top. Each pixel has a gain (electron multiplication ratio) of more than 10 6 which allows single photon counting. The total photon detection efficiency of the MAPMTs has a maximum of 25%.
Operation
Like all fluorescence cosmic ray detectors, EUSO-TA works in night time and best in clear sky conditions, to reduce effects of atmospheric and cloud attenuation. The instrument is pointed with an elevation manually adjustable between 0 • and 25 • respect to the horizontal direction, whereas the azimuth is fixed at 53 • from North counterclockwise, pointing to the CLF.
As anticipated, there is the possibility to acquire data in coincidence with TA-FDs as external trigger: in case of a trigger signal received by TA-FDs, a packet of 128 data frames centered around the TA-FDs trigger is saved, which otherwise would be overwritten. A data frame contains the number of counts per pixel integrated over 2.5 µs (called Gate Time Unit (GTU)). A GTU represents the time resolution of the EUSO detectors. It has been designed for the data acquisition of air showers from space, corresponding to the time needed by light to cross a JEM-EUSO pixel. This acquisition mode allows one to know in advance if EUSO-TA could have detected showers, thanks to the large FOV of TA-FDs which encompasses the EUSO-TA one. Moreover, from the shower reconstruction made by the TA experiment, the nature of the event (i.e. arrival direction, core position and energy) would be then known and used for further analysis. However, since the area of the sky observed by TA-FDs is about 30 times the one observed by EUSO-TA, the amount of data saved is larger than the actual data containing events, that makes the research of events more challenging.
Another acquisition mode consists in using an internal trigger, also called first level trigger (L1) [8] , implemented for the JEM-EUSO experiment. The L1 principle consists of counting an excess of signals over background in groups of 3 × 3 pixels lasting more than a preset time. The internal trigger has been tested, but the current electronic system allows the implementation of the trigger logic only for a few ECs. For this reason, most of the data have been acquired with the external trigger.
In the year 2015 four data acquisition campaigns were done in coincidence with TA-FDs, and one in 2016, for a total of about 140 hours (120 hours in 2015, to which this work refers). Up to now four events are considered surely detected. Two of them are related to nearby landing showers, lasting 1 GTU, while the other two are farther and last 2 and 3 GTUs. Moreover, four additional events are considered as candidate events, because they are faint or exhibit an irregular track.
ESAF and Off line frameworks
The EUSO Simulation and Analysis Framework (ESAF) described in [9] and the Off line framework described in these proceedings [10] are the two software packages used for the showers simulation and reconstruction in the JEM-EUSO project and its pathfinders. The two frameworks have been developed independently and analysis results can be cross checked. Both perform the simulation of the shower development in the atmosphere originating from an input primary cosmic ray, emission and propagation of the photons from the shower to the detector and detector simulations such as optical ray trace and electronics response. Furthermore, algorithms and tools for the reconstruction of the shower properties are included. They are written in C++ in a modular way, each module performing a different step of the simulation. Both fluorescence and Cherenkov light production are taken into account as well as the ground reflected and scattered light.
ESAF has been developed in the framework of the ESA-EUSO mission [11] . Several shower simulators are implemented in ESAF, following parametrical and Monte Carlo approach. As parametrical generator, the Gaisser-Ilina-Linsley (GIL) function [12] , is used to reproduce the profile as function of energy and slant depth. Other generators such as the Monte Carlo simulator CORSIKA [13] and CONEX [14] are interfaced with ESAF. Physical processes are divided into class modules that are strongly connected with each other.
The initial implementation of Off line [15] began in 2003 for shower simulation and reconstruction, and analysis of fluorescence and surface detector data of the Pierre Auger Observatory [16] . In March 2013 the adaptation of Off line was started to carry out simulations of JEM-EUSO, as well as its pathfinders. The Off line framework takes input shower profiles simulated with the most popular air shower simulation packages, i.e. CORSIKA, CONEX, AIRES [17] and SENECA [18] . Simulation and reconstruction tasks are performed by algorithms contained in modules run in sequence. This modular design facilitates comparison of algorithms and building a variety of applications by combining modules in various sequences. The user can provide instructions via configuration files written in an XML-based language. This approach has proven to be sufficiently flexible and simple to use.
Simulation of the detected events with Off line
Improvements regarding the telescope and electronics simulators have been recently made in Off line in order to reach a better matching of the simulations with data. Figure 1 detected events, with impact parameter R p = 2.5 km and 10 18 eV, lasting 1 GTU. The top panel shows the event as detected by TA-FDs in the frame elevation and azimuth, with the EUSO-TA FOV indicated by the red rectangle. Each circle represents one PMT of the TA-FDs. One can see that the spatial resolution is higher for EUSO-TA than that for TA-FDs, while the area of the sky observed is smaller for the first than for the latter. The bottom-left panel shows the detected event and the bottom-right panel the simulated one; both frames show the number of counts per pixel on the full PDM over a time window of 2.5 µs. The simulated event is added onto the background taken by data in the same packet but extrapolated from a few µs before or after the events. The total signal from the simulated event has ∼800 counts. Data and simulation are in good agreement from a visual point of view: counts, orientation and width of the tracks look similar.
Given the good agreement between data and simulations, we made a systematic study to estimate the detection threshold of EUSO-TA. Thanks to TA, we are aware of which showers crossed the EUSO-TA FOV, independent from whether the event is actually distinguishable in the EUSO-TA data or not; of these showers, the reconstruction parameters were provided to us, i.e. the arrival direction, the energy, the core position on ground and the event time. The top panel in Figure 2 E (E in eV) 10 represents a total of 110 showers with their impact parameter R p and their energy E which crossed the EUSO-TA FOV during the acquisition campaigns in 2015. Among those events, four were detected by EUSO-TA along with four more candidate events, all lying in the area of the plot under the green line.
Given the parameters of the air showers, we simulated these events with the purpose of understanding what makes a shower detectable or not. From this study, five events were visible in the simulation, but no counterparts in the data were identified; ten events hit defective MAPMTs and thus cannot be detected; all the other events were too faint to be visible over background.
From the simulations we retrieved the total number of counts per event, summing up the counts over the GTUs in which the signal was distributed and not considering the background. The bottom panel in Figure 2 displays the result in four sets of total counts. The overall result is that 23 simulated events have more than 200 counts, of which six (almost all the detected and candidate events) have more than 400 counts and two have more than 600 counts. This defines the detection threshold of EUSO-TA. We have to consider the high variability of the background, which might hide the events. Moreover, the total counts considered here refer to the sum of counts from the event track crossing the whole PDF over one or more GTUs. Acquiring data with the internal trigger, which looks recursively to small portion of the PDM, the counts necessary to get a trigger would be higher than those with the external trigger, used to collect the analyzed data. All these factors introduce fluctuations on the detection threshold. Therefore, we consider a flexible threshold of 600 counts. However, in fortunate conditions with low background rate and with external trigger, also events with lower counts can be detected. For comparison, the night sky background varies between 1−1.8 counts per pixel per GTU, corresponding to 60−115 counts on one MAPMT. Considering the threshold of 600 counts for a detectable event and assuming that on average a shower track crossing the EUSO-TA FOV hits 6 MAPMTs, a signal of ∼100 counts from the shower on one MAPMT is necessary to have an event distinguishable from the background.
Evaluation of the number of expected events with ESAF
The total number of detected events in coincidence with TA-FD is four, to which the four candidate events can be added. We tried to estimate if this number is reasonable compared to the expectations that we would get from simulations. For this purpose ESAF was used, since it has been already used in the past to estimate the performance of JEM-EUSO and its pathfinders.
In this analysis we assumed a TA-FDs trigger efficiency of 100% and an EUSO-TA pixel mean efficiency of 10%. The number of expected events N exp is then obtained as:
where A sim = πR 2 max is the simulated area up to the radius R max = 50 km from the EUSO-TA detector, Ω sim = 2π 0 π/2 0 sin θ cos θ dθ dϕ is the simulated solid angle acceptance and T = 120 hours is the considered acquisition time, which corresponds to the actual total acquisition time in the year 2015. f FOV is the fraction of showers that enter the EUSO-TA FOV and have an impact parameter between 1 and 10 km. N sel (E 0 ) is the number of selected showers with counts above 200, 400 or 600 (integrated over 3 consecutive GTUs) among N sim (E 0 ) simulated showers with an energy between E 0 and E 0 + dE 0 ; we simulated 1000 showers within the EUSO-TA FOV with ∆N sim /∆E 0 ∝ E −1 to increase the statistics of higher energy showers. Of these events, 229 have total counts higher than 200 counts, of which 118 events have more than 400 counts and 67 events have more than 600 counts. These events are shown in Figure 3 . J(E 0 ) is the assumed cosmic ray flux modeled with experimental measurements. The cosmic ray flux J(E 0 ) in the range 10 17 − 5 × 10 17 eV has been taken from IceTop measurements [19] and in the range 5 × 10 17 − 10 19 eV has been taken from Auger measurements [20] . The result indicates that EUSO-TA could have detected 6 events with the detection threshold of 600 counts, which is in the range of the counts excess obtained in and 67 events out of 1000 simulated events. Here, a cosmic ray power spectrum with slope E −1 has been considered, that leads to more events at the high energies than with the actual slope of about E −3 . Section 4. Reducing the threshold 22 events could be detected with more than 400 counts and 108 events with more than 200 counts. This result confirms, at first order of approximation, the capability of ESAF to reproduce the air showers detected by EUSO-TA and that the number of collected events is in the range of the expectations.
Conclusion
We performed analysis of the events detected and detectable by EUSO-TA with the ESAF and the Off line frameworks. The results in terms of detection threshold of the detector and the number of detectable events are, in first approximation, in agreement. There is a slight difference between the expected and the actual number of showers which crossed the EUSO-TA FOV. The discrepancy decreases with the increase of the signal threshold. This could be due to the fact that just the events detected by TA have been simulated with Off line , while with ESAF more generic distributions for the energy and the impact parameter have been assumed, which might lead to more events, as well as the assumed TA-FD trigger efficiency and the EUSO-TA pixel efficiency which could be lower. Another factor which may affect the number of actually detected events is the background variation, that may hide tracks of distant or low energy showers, i.e. faint events. This could contribute to the lack of detected events, especially those with low counts.
